Perceptual discrimination between speech sounds belonging to different phoneme categories is better than that between sounds falling within the same category. This property, known as ''categorical perception,'' is weaker in children affected by dyslexia. Categorical perception develops from the predispositions of newborns for discriminating all potential phoneme categories in the worldÕs languages. Predispositions that are not relevant for phoneme perception in the ambient language are usually deactivated during early childhood. However, the current study shows that dyslexic children maintain a higher sensitivity to phonemic distinctions irrelevant in their linguistic environment. This suggests that dyslexic children use an allophonic mode of speech perception that, although without straightforward consequences for oral communication, has obvious implications for the acquisition of alphabetic writing. Allophonic perception specifically affects the mapping between graphemes and phonemes, contrary to other manifestations of dyslexia, and may be a core deficit.
Introduction
Dyslexia is characterized by a severe reading impairment without other physiological or psychological problems (Shaywitz, 1998) . Although the deficit is most apparent in written language, there is a growing amount of evidence that phonological factors play an important role in the acquisition of normal reading and that phonological processes are impaired in children affected by dyslexia. Longitudinal studies show that early phonological and orthographic skills account for later orthographic skills in the course of normal reading acquisition, with the former being the bootstrapping mechanism (Sprenger-Charolles, Siegel, B echennec, & Serniclaes, 2003) , not merely for the beginner but also throughout the entire ability range (Share, 1999) . In addition, the great majority of dyslexics suffer from phonological deficits, notably in the reading of pseudowords when compared with reading age controls, according to either accuracy scores or processing time (Sprenger-Charolles, Col e, Lacert, & Serniclaes, 2000) .
Another aspect of the phonological deficit is that children with developmental dyslexia do not apprehend speech sounds in the same way as do average readers. A striking difference lies in phonemic awareness (i.e., in the conscious access to phonemes), evidenced in tasks involving the manipulation of phoneme segments within words or pseudowords (Liberman, Shankweiler, Fisher, & Carter, 1974) . The deficit in phoneme awareness is a reliable characteristic of developmental dyslexia (Brady & Shankweiler, 1991; Ramus et al., 2003) . The deficit might arise directly from a specific problem in conscious access to phonemic representations. However, related problems in the perceptual representation of speech (Morais, Alegria, & Content, 1987) , as well as in verbal short-term memory and slow automatic naming (Snowling, 2000) , suggest different explanations. Dyslexics also have a deficit in speech perception. A fair proportion of dyslexic children show a weakness in phoneme discrimination in that they make a greater number of errors than do average readers when presented with pairs of syllables that differ by only a single phonemic feature (Adlard & Hazan, 1998; Masterson, Hazan, & Wijayatilake, 1995; Mody, StuddertKennedy, & Brady, 1997; Reed, 1989) . This might indicate a weakness in the very representation of speech sounds, a view that is further supported by the presence of a categorical perception deficit in dyslexia.
Categorical perception deficit
Categorical perception corresponds to the degree to which acoustic differences between variants of the same phoneme are less perceptible than differences of the same acoustic magnitude between two different phonemes (Liberman, Harris, Hoffman, & Griffith, 1957) . Several studies suggest that children with dyslexia are less categorical than average readers in the way in which they perceive phonetic contrasts (Bogliotti, 2003; Godfrey, Syrdal-Lasky, Millay, & Knox, 1981; Serniclaes, Sprenger-Charolles, Carr e, & D emonet, 2001; Werker & Tees, 1987) . The difference in categorical perception between dyslexics and controls is reliable provided that the data are collected in appropriate conditions (i.e., in conditions where phonemic categories are neither too difficult nor too easy to discriminate for the controls). So far as we know, the categorical perception deficit was always present in these conditions, although it was not always tested (Brandt & Rosen, 1980) and was sometimes marginally significant (Reed, 1989) . The categorical perception deficit was also investigated with labeling data by comparing the slopes of the labeling curves, with a shallower slope indicating less sharply defined category boundaries. The categorical perception deficit was present and significant with these data (Bogliotti, 2003; De Weirdt, 1988; Joanisse, Manis, Keating, & Seidenberg, 2000; Manis et al., 1997; Reed, 1989) . However, in some of these studies, the categorical perception deficit was found only for the most severely phonologically or linguistically impaired subgroups of dyslexics (Joanisse et al., 2000; Manis et al., 1997) .
Origin of the categorical perception deficit
The perception of phonological categories can be conceived of as the end product of three successive stages, with the first consisting of the extraction of acoustic cues, the second consisting of the analog-to-digital transformation of acoustic cues into phonetic categories, and the third consisting of the grouping of phonetic categories into phonological categories (Serniclaes, 2000; Werker & Logan, 1985; Werker & Tees, 1984b) . In this framework, a categorical perception deficit might arise at each of these three levels: ''auditory,'' ''phonetic, '' and ''phonological'' (Fig. 1) .
The hypothesis that an auditory deficit is the basis of the categorical perception deficit of dyslexics is supported by TallalÕs (1980) finding that dyslexicsÕ performances are weaker than those of controls in nonspeech auditory tasks such as judgments of temporal order between acoustic stimuli. However, performance on these tasks does not have straightforward implications for speech perception (Rosen & Manganari, 2001; Studdert-Kennedy, 2002) , and auditory deficits are less reliable across individuals than are phonological deficiencies (Ramus et al., 2003) . Furthermore, auditory deficits might certainly affect phoneme perception, but in so doing they would unselectively affect both written and spoken language. The basic characteristic of dyslexia, a specific deficit of reading acquisition, would then be difficult to understand.
In previous studies, the focus has been on the auditory-versus speech-specific nature of the deficit (Adlard & Hazan, 1998; Mody et al., 1997; Reed, 1989) without considering the exact status of the latter. Yet the distinction between a phonetic deficit and a phonological deficit is interesting given that graphemes are related to phonological segments rather than to phonetic ones (Morais et al., 1987 ). An important finding in this regard is that dyslexics do better at discriminating acoustic differences within the same phoneme category (Serniclaes et al., 2001) . This might reflect a higher sensitivity to ''allophones'' (i.e., variants of the same phoneme in the production of speech under the effect of coarticulation).
Allophonic perception
Allophones constitute separate phonetic categories during early childhood, and their integration into phoneme categories is achieved through fairly complex developmental processes. Newborns can already discriminate among a range of phonetic categories, even those that are not phonemic in their ambient language (for a review, see Vihman, 1996) . For example, up to approximately 6 months of age, infants Fig. 1 . Information processing in reading (plain lines) and speech perception (dotted lines). Auditory, phonetic, and phonological processes are involved in speech perception. Two different routes are used in reading. The phonological route proceeds by grapheme-phoneme correspondences. The orthographic route is derived from the phonological route during reading acquisition, whereas the allophonic mode of speech perception arises from a deviance in the development of phonological processes characterized by the use of allophones rather than phonemes for accessing the mental lexicon. Allophonic perception affects reading acquisition by hampering grapheme-phoneme correspondences. discriminate three voicing categories separated by two voicing onset time (VOT) boundaries ( Fig. 2A) (Aslin, Pisoni, Hennessy, & Perrey, 1981; Lasky, Syrdal-Lasky, & Klein, 1975) .
1 After exposure to the sounds of their native language, children lose their sensitivity to the boundaries that are not relevant (Werker & Tees, 1984a) . For example, after 6 months of age, only the positive VOT boundary remains active in languages with a single distinction between short and long positive VOT categories (e.g., English Fig. 2B ) (Eilers, Wilson, & Moore, 1979) . However, the deactivation of predispositions is not the only possible developmental pathway. New boundaries, not present in infantsÕ predispositions, can emerge through couplings between predispositions. This is the case for the acquisition of voicing categories in languages such as French and Spanish (Fig. 2C) . These languages use a single distinction between negative VOT and moderately long positive VOT categories (Caramazza & Yeni-Komshian, 1974; Williams, 1977) , and the perceptual boundary is located around 0 ms (Serniclaes, 1987) . This boundary is not predicted by infantsÕ predispositions (Lasky et al., 1975) , although it appears fairly early in the course of language Fig. 2 . Perceptual boundaries between voicing categories in prelinguistic children (A), in English (B), and in French (C) for stops in syllable-initial position (see Note 2). Prelinguistic boundaries correspond to predispositions (indicated by arrows) for the perception of all potential categories (voiced as for /b/, voiceless as for /p/, and voiceless aspirated as for /p h /) in the worldÕs languages. In English, a single predisposition is activated for distinction between voiceless unaspirated stops and voiceless aspirated stops. In French, two predispositions are coupled to perform the distinction between voiced stops and slightly aspirated voiceless stops.
1 There are three possible voicing categories across languages, and these categories depend on VOT, which refers to the temporal relation between onset of ''voice'' (laryngeal vibrations) and release of the mouth closure (Lisker & Abramson, 1964) . The first category is characterized by the onset of voice before closure release (negative VOT, e.g., /ba/), the second category is characterized by the quasi-synchrony of voice onset and closure release (short positive VOT, e.g., /pa/), and the third category is characterized by a delay of voice onset relative to the release (long positive VOT, e.g., /p h a/). In languages where the three VOT categories are phonemic, such as Thai, listeners exhibit two boundaries for voicing perception: a negative VOT boundary and a positive VOT boundary (Abramson & Lisker, 1970) . development (Eilers, Gavin, & Wilson, 1979) . The fact that the boundary is located around 0 ms means that negative VOT and positive VOT are equally important for voicing identification and, hence, that the categorical predispositions for the perception of negative and positive VOT are both activated and coupled in the course of perceptual development.
To properly execute the selective activation of certain predispositions, the perceptual system must identify the number of independent categories for each feature in the language of infantsÕ environment. Categories that are not phonemic in a given language but are still present as allophones might endanger the process. Voiced stops are present in English as allophones of voiceless unaspirated stops (in syllable-initial position) (Lisker & Abramson, 1967) , 2 and the deactivation of the negative VOT boundary will fail if the perceptual system does not recognize the phonological link between the two stop categories. Similarly, voiceless unaspirated stops are present in French as context-dependent allophones of either the voiced or the voiceless aspirated stops (Serniclaes, 1987) , and the coupling between predispositions can be achieved only if the voiceless unaspirated stops are recognized as contextual realizations of one of the two phonemic categories.
Given the inherent difficulties in setting up phonemic categories, the developmental processes involved (whatever their precise nature-deactivations or couplings) might not unfold properly in some individuals due to genetic differences and/or environmental factors. The implication of this developmental deficit would be the persistence of more categories (e.g., three voicing categories) than are necessary for perceiving phonemes. This would, in turn, give rise to noncategorical perception of phonemes with intracategorical discrimination peaks, a profile that is likely to be found in dyslexic children given the previous evidence of their weaker categorical perception and increased within-category discrimination. We refer to this as ''allophonic perception'' rather than simply as ''phonetic perception.'' Allophonic perception implies that although the perceptual system does not decode speech into phonetic units, it is sensitive to segments that are present as allophones in the language. However, phonetic distinctions that are totally absent in the sounds of the language would not be kept in the phonological repertoire. Thus, speech perception by children affected by dyslexia would be neither reducible to phonetic perception nor equivalent to normal phonological perception. Rather, it would correspond to a deviant phonological development based on allophones rather than on phonemes (Fig. 1) .
Note that to posit an allophonic mode of speech perception rather than a phonetic one is more realistic. Phonetic perception would imply that all of the possible phonetic contrasts in the worldÕs languages, even those totally absent as allophones in the language of interest, would be perceived categorically. Although this is not excluded, sensitivity to only those among the foreign categories that are present as allophones is more realistic and should be posited first.
Evidence for phonetic predispositions has been found not only for voicing but also for various other phonetic features such as consonantal place of articulation (Williams & Bush, 1978) , mode of articulation (Eimas & Miller, 1980) , and vowels (Polka & Werker, 1994) . Because allophonic variability is a widespread characteristic of both consonantal and vocalic systems, allophonic perception represents a potential thread for the development of these various predispositions. Although the current data concern only voicing perception, there is no reason to believe that they might not be generalized to the phonological system as a whole.
Understanding speech with allophonic categories rather than phonemic ones probably should not raise major problems. The access to the mental lexicon is conceivable with allophonic representations, although it is more demanding in terms of information processing. The situation is quite different for understanding written language, which requires well-defined phonemic representations (at least in alphabetic systems). A child who perceives allophones instead of phonemes (e.g., /b/, /p/, and /p h / in a language where only /b/ and /p h / are phonemic) would have difficulty in attributing the same written symbol (e.g., ''p'') to sounds belonging to different categories in his or her oral repertoire (e.g., /p/, /p h /). The mismatch between spoken categories and phonemes might raise important problems for learning to read, even with fairly transparent orthographic systems.
The current study
Previous studies have shown that dyslexics do better than controls at discriminating between acoustic variants of the same phoneme and, hence, that the internal structure of their categories is less coherent. The aim of the current study was to test a specific hypothesis as to the origin of this deficit. We wanted to assess whether dyslexic children exhibited an enhanced sensitivity to phonetic boundaries that are not phonemic in their language that would support the hypothesis of a deficit in the development of phonetic predispositions. For this purpose, the perception of allophonic variants of French voicing categories was investigated by collecting discrimination responses from dyslexic children, average readers of the same chronological age, and adults with no history of dyslexia for pairs of stimuli along the VOT continuum. As explained previously, allophonic discrimination would find its origin in a coupling deficit, rather than in a deactivation deficit, when dealing with voicing perception in French. However, because the separation between these two issues is not the objective of the current work, we use the more neutral term of ''allophonic'' deficit unless otherwise specified.
Our main objectives were to confirm the deficit in categorical perception in dyslexic children (Hypothesis 1) and to test the hypothesis of an allophonic deficit in dyslexic children versus average reading children (Hypothesis 2). We also wanted to see whether, as suggested by previous studies (Hazan & Barrett, 2000; Messaoud-Galusi, 2003) , categorical perception is weaker in average reading children than in adults (Hypothesis 3) and whether there is a difference in allophonic perception between average reading children and adults (Hypothesis 4). Differences in categorical perception were tested by measuring the phoneme boundary effect, which refers to the difference in discrimination scores between stimulus pairs straddling the phoneme boundary and those belonging to the same phoneme category. The phoneme boundary effect was introduced by Wood (1976) as an index of categorical perception. Differences in allophonic discrimination were tested by comparing the magnitude of phonemic discrimination peaks versus allophonic discrimination peaks.
Our previous work indicates that the difference in categorical perception between dyslexics and controls is reliable provided that the data are collected in appropriate conditions, that is, in conditions where phonemic categories are neither too difficult nor too easy to discriminate for controls (Serniclaes et al., 2001) . To maximize the possibility of tapping into the right level of difficulty, four different VOT continua were used. These continua varied in degree of naturalness, with the most natural one being derived from natural speech sounds and the least natural one being obtained with sinewave speech (i.e., a very crude form of sound synthesis). Proceeding in this way, we hoped that the groups would differ for at least one of these continua.
Finally, not only categorical perception but also discrimination between continua end points may be important in the study of dyslexia. Previous studies have shown that children affected by dyslexia score lower than do controls in the discrimination of minimal pairs, especially those differing by a single phonemic feature. Because the distinctions between continua end points in the current study correspond to minimal pairs, they should be discriminated less easily by dyslexic children than by controls.
Method

Participants
Three groups of French-speaking individuals participated in the study: a group of 18 dyslexic children with a mean age of 9 years (M ¼ 108:7 months, SD ¼ 8:0), a group of 23 average reading children of approximately the same chronological age (M ¼ 110:6 months, SD ¼ 9:2), and a group of 12 adults with no history of dyslexia.
The dyslexic group consisted of special education children who were selected with the help of their speech therapists. To be included in the study, the children had to have more than 18 months reading delay and had to display metaphonological deficiencies. The reading delay was assessed with a forced-choice sentence completion test (Lobrot, 1973) . The Lobrot test consists of 36 sentences of increasing difficulty, including a missing word. Five alternatives are proposed at each trial, and the child must choose the correct one. The participantÕs score is the percentage of correct responses obtained in a fixed period of time, namely 5 min. This score is associated with a reading age, with 1 year reading age between 7 and 9 years corresponding to a difference of approximately 4.5 LobrotÕs items. The reading age was at least 1 1 2 years below the chronological age for the dyslexic children, and at least equal to or above the chronological age for the average reading children. Metaphonological ability was assessed with a phoneme subtraction test (Genard, 2000) . The performance of the dyslexic children on this test (M ¼ 44:7, SD ¼ 22:7) was far below the performance of a subgroup of 9 of the 23 average reading controls for whom the results of the phoneme subtraction test were available (M ¼ 96:1, SD ¼ 3:4).
The mean intelligence quotient (IQ) of the dyslexic children was 96.4 (SD ¼ 9:0) (Wechsler, 1991) . The mean IQ was presumably normal for the controls because they all were following the usual curriculum at school. However, the mean IQ of controls might be higher than that of dyslexic children.
3
All participants were native speakers of French with no history of neurological or psychological disorders.
Stimuli
Four different VOT continua were used. Two of them, /ba-pa/ and /ga-ka/, were created with a sinewave analog speech synthesizer (/ba-pa/ SW and /ga-ka/ SW). In sinewave synthesis (Remez, Rubin, Pisoni, & Carrell, 1981) , the formants are replaced by pure tones. Most naive participants hear sinewave analogs of speech sounds as whistles, but the same stimuli are perceived as speech sounds when participantsÕ attention is drawn toward their phonetic properties. A second /ba-pa/ continuum was obtained by adding low-frequency modulation to the sinewave sounds (/ba-pa/ MOD). A second /ga-ka/ continuum was derived from natural speech syllables, /ga/ and /ka/ pronounced by a French speaker (the first author), by progressively editing the VOT of the /ga/ and replacing the edited segments with corresponding segments extracted from /ka/ (/ga-ka/ NAT). The stimuli for each continuum ranged from )60 ms VOT to +60 ms VOT in six steps of 20 ms. For the three synthetic continua, VOT differences were simulated by modifying the energy onset in the frequency region of the first formant (F1) relative to the energy onset in the region of the upper formants (F2 and F3), a procedure known as ''F1 cutback'' (Liberman, Delattre, & Cooper, 1958) . The phonemic boundaries along these continua, assessed by collecting identification data in a set of five adult French speakers, were located at 18 ms VOT for /ga-ka/ NAT and at a significantly shorter value (p < :001), approximately 8 ms VOT, for the other three continua. The mean VOT boundary for the four continua was located at +10 ms VOT.
Procedure
The stimuli were presented in pairs in a pairwise discrimination task. Participants were told that they were going to hear speechlike sounds and were required to deliver their responses (either the same or different) by pressing the appropriate keys on a computer keyboard. For each continuum, all possible stimulus pairings were presented. Each stimulus was paired with itself (''same'' pair, e.g., S1-S1), and each was paired with another in each order (''different'' pair, e.g., S1-S2, S2-S1). This resulted in 49 pairings for each continuum. Each same pair was presented once and each different pair was presented once, yielding two presentations for each combination of two different stimuli irrespective of the order (e.g., S1-S2 and S2-S1). The pairs were presented in random order within four blocks, one for each continuum, in the following order: /ba-pa/ SW, /ba-pa/ MOD, /ga-ka/ SW, /ga-ka/ NAT. The interstimulus interval within pairs (ISI) was 100 ms, and the intertrial interval (ITI) was 500 ms.
Statistical analyses
There are basically two different ways in which to score the results when assessing categorical perception with the pairwise format. One possibility is to take the mean of the correct responses to different and same pairs, that is, ''same-different'' scores. The other possibility is to take into account only the responses to pairs of different stimuli, that is, ''different'' scores. The advantage of the same-different score is that it allows for checking of responses biases, and in this respect it is equivalent to the d 0 coefficient; it provides a genuine measure of discriminability irrespective of response bias (Wood, 1976) . However, the interest of the different scores is that there is a bias toward different responding at the phoneme boundary; that is, different responses increase not only for the different pairs but also for the same pairs (Wood, 1976) . As a consequence, the boundary peaks tend to be weaker with ''same-different'' scores than with ''different scores''. In situations where performance is fairly weak, discrimination functions tend to remain at chance levels (50%) when using same-different scores, and differences between groups are less apparent than with different scores. The advantage of the latter is to amplify the effects, although this is at the cost of a lack of precision as to their nature.
Both scores have been used in the literature on categorical perception. To take examples from categorical perception studies on dyslexia, different scores were used in some studies (Brandt & Rosen, 1980; Reed, 1989; Werker & Tees, 1987) , same-different scores were used in others (Bogliotti, 2003; Serniclaes et al., 2001) , and both different and d 0 scores were used in yet another study (Godfrey et al., 1981 ). In the current study, we decided to use different scores because same-different scores were generally too weak to allow differences between groups to emerge. For each pairing of different stimuli, correct response scores were obtained by computing the mean proportion of different responses to pairs of acoustically different stimuli (e.g., S1-S2 and S2-S1). The data were analyzed by logistic regression, which is the most appropriate method for multivariate processing when the dependent variable is a proportion (McCullagh & Nelder, 1983) . The data collected for the different steps were analyzed separately with group (three levels: adults, average reading children, and dyslexic children), continuum (four levels: ba-pa SW, ba-pa MOD, ga-ka SW, and ga-ka NAT), and pair as categorical independent variables. There were six levels for one-step pairings, five levels for two-step pairings, and four levels for threestep pairings. Effects were tested by Wald chi-square. A hierarchical backward strategy (Kleinbaum & Klein, 2002) was used for variable selection with the following stages: (a) test of the three-way continuum-pair-group interaction, (b) test of twoway interactions between variables after exclusion of the three-way interaction if the latter was nonsignificant, and (c) test of the main effects after the exclusion of nonsignificant two-way interactions, if any. Hypotheses 1 and 3, pertaining to categorical perception, were assessed by measuring the phoneme boundary effect (i.e., the difference in discrimination scores between stimulus pairs straddling the phoneme boundary and those belonging to the same phoneme category). For example, for one-step pairs (20 ms VOT difference between stimuli), only the S4-S5 pair straddled the boundary (with VOT values of 0 and 20 ms), whereas all of the other pairs included stimuli inside the same category, either in the voiced region (with the closest one being S3-S4 with stimuli of -20 and 0 ms VOT) or in the voiceless region (with the closest one being S5-S6 with stimuli of 20 and 40 ms VOT). The following contrasts were used for testing the phoneme boundary effect (for the relation between VOT and pairs, see Table 1 ): for one-step pairings, the S4-S5 score minus the mean of all the other scores; for two-step pairings, the mean of the S3-S5 and S4-S6 scores minus the mean of the S1-S3, S2-S4, and S5-S7 scores; and for three-step pairings, the mean of the S2-S5, S3-S6, and S4-S7 scores minus the S1-S4 score. Categorical perception was tested on responses collected for one-, two-, and three-step pairings. Larger steps were not used for testing categorical perception because they do not allow distinction between within-and between-category discrimination.
Hypotheses 2 and 4, pertaining to allophonic discrimination, were assessed by testing differences between the two discrimination peaks present in the data, at )30 and +10 ms VOT, with the following contrasts (Table 1) : for one-step pairings, the S2-S3 score minus the S4-S5 score; for two-step pairings, the mean of the S1-S3 and S2-S4 scores minus the mean of the S3-S5 and S4-S6 scores; and for three-step pairings, the S1-S4 score minus the mean of the S3-S6 and S4-S7 scores. Because our hypotheses concerned differences in phoneme boundary effect and discrimination peaks between groups, they were tested as pair-group interaction contrasts. However, discrimination peaks were also tested separately for each group to eliminate the possibility of flat response profiles. This was achieved by testing the difference between the pairÕs discrimination score corresponding to each peak and the score(s) corresponding to the pairs other than that of the alternative peak (e.g., for one-step pairings, S2-S3 minus the mean of S1-S2, S3-S4, S5-S6, and S6-S7 for the )30 ms peak and S4-S5 minus the mean of S1-S2, S3-S4, S5-S6, and S6-S7 for the +10 ms peak). Separate testing of discrimination peaks was performed only for one-step pairings because there was no more than a single pair that did not contain any of the peaks for larger steps. Table 1 gives the mean scores of different responses for each group, reported as a function of VOT and step size. Although there were eight trials per pair (two trials per pair and continuum), the effective number of trials was less than expected because the participants did not provide a response at every trial. The response rates were 76% for adults, 79% for average reading children, and 81% for dyslexics. The response rate depended on group, p < :001 for the differences between any two groups. Correlations between response scores and response rates across pairs were nonsignificant for each group, r < :02, p > :82.
Results
Test of hypotheses
The continuum-pair-group interaction was not significant for each step pairing, p > :81, showing that there were no differences in either categorical perception or peak amplitudes between continua irrespective of the group. Accordingly, differences between continua were discarded for testing our hypotheses. Only the main effects and pair-group interactions are reported in what follows.
For one-step pairings, there was an effect of group, v 2 ð2Þ ¼ 11:9, p < :01, of continuum, v 2 ð3Þ ¼ 12:0, p < :01, and of pair, v 2 ð5Þ ¼ 52:7, p < :001. The group-pair interaction was also significant, v 2 ð10Þ ¼ 22:7, p < :05. The mean scores for the four voicing continua are shown in Fig. 3 for each one-step pair and each group. Two different discrimination peaks are apparent for each group: one at +10 ms VOT and the other at )30 ms VOT. However, the relative magnitudes of the peaks depend on the group. The +10 ms peak is much higher than the )30 ms peak for averaging reading adults and children, whereas the two peaks are about the same size for the dyslexic children. 4 There was a nearly significant increase in phoneme boundary effect for average reading children versus dyslexic children, v 2 ð1Þ ¼ 3:82, p ¼ :051, lending marginal support to Hypothesis 1. The difference in magnitude between the +10 ms VOT peak and the )30 ms VOT peak was significantly smaller for dyslexic children than for average reading children, contrast v 2 ð1Þ ¼ 5:40, p < :05, lending support to Hypothesis 2. Furthermore, when tested separately for each group, the same contrast was not significant for dyslexic children, v 2 ð1Þ < 1:0, but was significant for average reading children and adults, v 2 (1) values ¼ 11.4 and 11.1, respectively, both ps ¼ :001. Finally, one might wonder whether each discrimination peak taken separately is significant, that is, whether the peak response score is significantly larger than the scores obtained for the intracategorical pairs.
5 The )30 ms peak was significant for dyslexic children, v 2 ð1Þ ¼ 4:07, p ¼ :044, but was not significant for average reading children and adults, both v 2 values <1.0. The +10 ms peak was not significant for dyslexic children, v 2 ð1Þ ¼ 3:67, p ¼ :055, but was significant for average reading children and adults, v 2 ð1Þ values ¼ 21.0 and 31.6, respectively, both ps < :001. For one-step pairings, the phoneme boundary effect was significantly larger for adults than for average reading children, v 2 ð1Þ ¼ 4:13, p < :05, supporting Hypothesis 3. However, there was no significant difference, v 2 ð1Þ ¼ 1:22, p ¼ :27, in the relative magnitude of the peaks between average reading children and adults, failing to support Hypothesis 4.
For two-step pairings, the effects of continuum and pair were significant, v 2 ð3Þ ¼ 10:2, p < :05, and v 2 ð4Þ ¼ 153, p < :001, respectively. The group-pair inter- 4 The comparison between the results obtained for the different continua (not shown here) indicated that the results were similar to the mean values (Fig. 3 ) except that (a) for the sinewave continua without F0, the response function of the dyslexic children was nearly flat; and (b) for the sinewave with F0 or with natural speech, only the +10 ms VOT peak was clearly present for adults. However, the continuum-pairgroup interaction was not significant.
5 Different scores are affected by biases and, thus, can reach any value depending on the magnitude of the bias. Therefore, it is not possible to use an absolute chance level for testing whether the peaks are significant. Only differences between scores can be used for this purpose. Note. AR, average reading children; DYS, children with dyslexia. The percentages of ''different'' responses are given for the three different groups as a function of the mean VOT of the different pairs (column heads) and pair sizes (row heads, with pair widths in ms VOT). Pairs straddling the phoneme boundary (+10 ms VOT) are indicated in bold. Pairs straddling the )30 ms VOT value are underlined.
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action was also significant, v 2 ð8Þ ¼ 25:8, p ¼ :001. However, the difference in phoneme boundary effect between average reading children and dyslexic children was nonsignificant, v 2 < 1:0, going against Hypothesis 1. The difference in magnitude between the pairs straddling +10 ms VOT and those straddling )30 ms VOT also was not significant when comparing the results of dyslexic children and average reading children, v 2 < 1:0, going against Hypothesis 2. For two-step pairings, the phoneme boundary effect was significantly greater for adults and average reading children, v 2 ð1Þ ¼ 10:2, p ¼ :001, supporting Hypothesis 3. The difference in magnitude between the pairs straddling +10 ms VOT and those straddling )30 ms VOT was significantly greater for adults than for average reading children, v 2 ð1Þ ¼ 4:87, p < :05, supporting Hypothesis 4. For three-step pairings, the main effect of pair was significant, v 2 ð3Þ ¼ 89:6, p < :001, and the group-pair interaction was also significant, v 2 ð6Þ ¼ 29:6, Fig. 3 . Discrimination of speech stimuli by dyslexics. The figure shows discrimination responses of dyslexic children, average reading controls, and adults for one-step pairs of stimuli differing in voice onset time (VOT, 20 ms difference per step). Dyslexics exhibit two main discrimination peaks, whereas average readers exhibit only one. This peak corresponds to the voicing boundary in French. The second peak exhibited by dyslexics corresponds to a further boundary in languages with three voicing categories.
p < :001. The phoneme boundary effect was significantly smaller for dyslexic children than for average reading children, v 2 ð1Þ ¼ 12:4, p < :001, lending support to Hypothesis 1. The difference in magnitude between the pairs straddling +10 ms VOT and those straddling )30 ms VOT was also significantly smaller for dyslexic children than for average reading children, v 2 ð1Þ ¼ 10:9, p ¼ :001, lending support to Hypothesis 2. For three-step pairings, the difference in phoneme boundary effect between average reading children and adults was not significant, v 2 ð1Þ ¼ 3:09, p ¼ :079, failing to support Hypothesis 3. The difference in magnitude between the pairs straddling +10 ms VOT and those straddling )30 ms VOT was also not significant between these two groups, v 2 ð1Þ ¼ 3:66, p ¼ :056, failing to support Hypothesis 4. The results of the tests of the four hypotheses under study are summarized in Table 2 . Overall, the data show that the phoneme boundary effect was smaller for dyslexic children than for controls, lending support to Hypothesis 1. The difference in the magnitude of the )30 ms and +10 ms VOT peaks was weaker for dyslexic children than for controls, and the )30 ms VOT peak was significant only for dyslexic children, whereas the +10 ms VOT peak was significant only for controls, lending support to Hypothesis 2. The phoneme boundary effect was smaller for average reading children than for adults for two of the three step pairings of interest, lending support to Hypothesis 3. However, Hypothesis 4 was only supported by the results of two-step pairings. For this step size, the difference in the magnitude of the )30 ms and +10 ms VOT peaks was weaker for average reading children than for adults. Also against Hypothesis 4, the )30 ms VOT peak was not significant and the +10 ms peak was significant for both groups.
In sum, the results as a whole lend support to the presence of a difference in categorical perception (Hypothesis 1), and more specifically in allophonic perception (Hypothesis 2), between dyslexic children and average reading children. The fact that the tests of these hypotheses were not significant for two-step pairings can be explained by the layout of the central values of the pairs for this step size. The difference in categorical perception between average reading children and adults (Hypothesis 3) was also supported by the data, although it failed to reach significance in one instance. Finally, there was only weak support for a difference in allophonic perception between average reading children and adults (Hypothesis 4).
Discrimination between end point stimuli
For steps larger than three (i.e., from four to six steps), all of the pairs straddle the phoneme boundary, meaning that our hypotheses could not be tested further. However, six-step pairings give indications as to the discrimination between end point stimuli (S1-S7 and S7-S1). The end point discrimination scores were examined together with those collected for pairs including the same stimuli (e.g., S1-S1 and S7-S7) to control for biases toward different responding. All of the interactions were nonsignificant, p > :15. The effects of continuum, pair, and group were significant, v 2 ð3Þ ¼ 13:0, p < :01, v 2 ð1Þ ¼ 7:08, p < :01, and v 2 ð2Þ ¼ 30:4, p < :001, respectively. Correct discrimination was higher for adults (89%) than for average reading children (75%), and dyslexic children (72%), but only differences between adults and children were significant, v 2 ð1Þ values ¼ 20.6 and 30.2 for adults versus average reading children and dyslexic children, respectively, both ps < :001, and v 2 ð1Þ ¼ 2:01, p ¼ :16, for average reading children versus dyslexic children.
Discussion
Phonemic discrimination
Discrimination of continua end points was not perfect even for adults, but it was less accurate for children than for adults. This can be related to the acoustic properties of the stimulus continua used for collecting the responses. These continua were constructed by modifying only the VOT, 6 which is only one among the many acoustic cues contributing to the voicing distinction (Delattre, 1968) . Adult speakers can modify the perceptual weighting of the cues to some extent so as to adapt their percepts to reduced cue stimuli, whereas children are less flexible (Hazan & Barrett, 2000; Nittrouer, Miller, Crowther, & Manhart, 2000; Ohde & Haley, 1977; Simon & Fourcin, 1978) . Although previous studies also have suggested that discrimination between phoneme categories depends on the reading level, in the current study, discrimination between continua end points was not significantly better for average reading children than for dyslexic children. This might be due to the fairly long ISI (100 ms) used here. In the study by Mody and colleagues (1997) , below-average readers made substantially more errors in phoneme discrimination than did aboveaverage readers with a very short ISI (10 ms), whereas differences were weaker for longer ISIs (50 or 100 ms). In the study by Adlard and Hazan (1998) , where a single ISI of 1 s was used, the phoneme discrimination performance of average readers was not significantly better than that of dyslexics as a group. We also did not find a difference between dyslexic and average reading children on end point discrimination in a previous study with an ISI of 100 ms (Serniclaes et al., 2001) . It would seem that differences in phoneme discrimination between dyslexic children and controls are smaller for longer ISIs, although the evidence rests mainly on comparisons among different studies.
Differences in categorical perception between dyslexic children and controls (Hypothesis 1)
For one-step and three-step pairings, the phoneme boundary effect was significantly larger for average reading children than for dyslexic children ( Table 2 ). The lack of a significant effect for two-step pairings is related to a reduction of the within-category peak. The latter is likely less salient for this pairing, probably because none of the two-step pairs was centered on )30 ms VOT, unlike the one-step and three-step pairings (Table 1) .
The smaller phoneme boundary effect for children affected by dyslexia is in agreement with the results of a fairly large number of previous studies showing that these children have a deficit in categorical perception. The current results might help us to understand why the categorical perception deficit is not systematically significant in the results reported in the literature. We have seen that the difference in categorical perception between dyslexics and controls depends on what might be, in the first instance, considered as details of the procedure, for example, the size of the pairings used for collecting the discrimination data. However, the effects of such tiny procedural differences become meaningful insofar as they affect the perceptibility of intraphonemic boundaries. As mentioned earlier, the difference in categorical perception between dyslexics and controls is reliable provided that the data are collected in appropriate conditions (i.e., in conditions where phonemic categories are neither too weakly nor too strongly discriminable by the controls). In a previous study (Serniclaes et al., 2001) , we found that it is specifically in conditions where phonemic categories are weakly perceptible that children affected by dyslexia were more sensitive to nonphonemic differences than were average readers. In the current study, the fairly low performances of the maximally different pairs (i.e., for the continua end points with a mean of 75% correct responses for average reading children) indicates that the stimuli were indeed not discriminated perfectly. As expected, the categorical perception deficit was evidenced in these conditions, lending further support to the reliability of this deficit in conditions where overall discrimination is poor.
Differences in allophonic discrimination between dyslexic children and controls (Hypothesis 2)
For average reading children and adults, perception was fairly categorical with a dominant discrimination peak at the phonemic boundary (+10 ms VOT with the current stimuli), although a secondary peak was also visible at )30 ms VOT. The discrimination peak located at the phoneme boundary (+10 ms VOT) was much larger than the allophonic peak ()30 ms VOT) for adults and average reading children, whereas both peaks had about the same magnitude for dyslexic children. The difference in relative peak magnitude between dyslexic children and average reading controls was significant for one-step and three-step pairings (Table 2) , lending support to Hypothesis 2. However, this difference was not significant for the two-step pairing. As explained previously, this was probably due to the fact that the two-step pairing does not include a pair centered on )30 ms VOT (Table 1) .
Differences in allophonic discrimination between average reading children and dyslexic children are also suggested by tests aimed at deciding whether peaks were present or not for each group. These tests showed that the )30 ms peak was significant for dyslexics but not for average reading children, whereas the +10 ms peak was highly significant for average reading children but not for dyslexics. Finally, the dyslexicsÕ discrimination peaks, although fairly small, do not simply reflect guessing given that one of the two peaks (at )30 ms VOT) was significantly above the other intracategorical scores and the second peak (at +10 ms VOT) was nearly significant ( Table 2) . The )30 ms VOT peak is located in the same region as one of the two voicing boundaries found in languages with three voicing categories (Abramson & Lisker, 1970) . It must be noted that prelinguistic children are sensitive to this boundary (Aslin et al., 1981; Lasky et al., 1975) . The fact that average readers keep some sensitivity to a boundary that is nonphonemic in their language is in agreement with the results of other studies suggesting that deactivation of predispositions not relevant in the linguistic environment is only functional without neural extinction (Werker & Tees, 1984b) . The evidence in support of deactivation comes from the fact that phonetic contrasts that are not phonemic in a given language remain discriminable, but only at relatively short ISIs. The residual sensitivity to these contrasts might arise from the fact that phonetic boundaries take root in psychoacoustic properties (Rosen & Howell, 1987) because the latter remain necessary for the perception of nonspeech stimuli irrespective of their linguistic relevance. Evidence in support of the psychoacoustic explanation arises from the fact that categorical perception was evidenced for differences in tone onset time in nonspeech stimuli, similar to differences in voice onset time in speech stimuli (Jusczyk, Pisoni, Walley, & Murray, 1980; Pisoni, 1977) . However, psychoacoustic boundaries are less flexible than those found in speech (Repp & Liberman, 1987) . An alternative possibility is that the similarity between phonetic and psychoacoustic boundaries is due to the progressive emergence of a speech-specific system in humans during phylogenetic development (Liberman, 1998) . In this view, predispositions for perceiving phonetic features are specific to speech. Their persistence in the perceptual repertoire might then arise from their potential usefulness for learning foreign languages.
The increased sensitivity to the )30 ms VOT boundary in dyslexic children indicates that their discrimination profile is closer to that of the prelinguistic children because they both discriminate three voicing categories. However, some linguistic influence is present in the dyslexicsÕ responses, as evidenced by the location of their positive VOT peak, which coincides with the French voicing boundary and is closer to 0 ms than is the universal positive VOT boundary (Fig. 2) . This might be related to the fact that the phonemic boundary is shifted towards positive VOT values in the current results rather than being located at 0 ms. Phonemic boundaries depend on various contextual factors, and the French voicing boundary makes no exception (Serniclaes, 1987) . Because allophonic perception in dyslexic children tends to diminish with age, the 9-year-old dyslexic children in this study probably already have some sensitivity to the phonemic boundaries, and this might have the effect of superseding the allophonic boundaries when both are fairly close.
Similar results were obtained in another study with two groups of 10-year-old children, one with a reading delay of at least 6 months and the other with a reading advance of at least 6 months (Bogliotti, 2003) . Discrimination data collected on a /do-to/ VOT continuum revealed a single discrimination peak, located at the phonemic boundary, that was present for good readers. The phonemic peak was smaller for the delayed readers, and a second peak was present in the negative VOT region (around )20 ms) and had about the same magnitude as the phonemic peak.
Finally, the perceptibility of extraneous phonetic boundaries is not specific to the voicing feature. Similar results have been obtained recently for the perception of stop place of articulation by French-speaking adults with no history of dyslexia (Serniclaes, Bogliotti, & Carr e, 2003) . Dyslexics should be more sensitive to these place boundaries, just as they are to voicing boundaries, a possibility that is currently under investigation.
Although the exact nature of the predispositions for perceiving phonetic distinctions is still unclear, the current results show that the residual sensitivity to those among the predispositions that are not linguistically relevant is greater for children affected by dyslexia. As explained earlier, we refer to this as allophonic perception, rather than phonetic perception, because the universal voicing categories remain present as allophonic variants in French. The fact that dyslexics display enhanced sensitivity to such boundaries does not imply that they also would be more sensitive to phonetic boundaries totally irrelevant in their language.
The fact that allophonic perception is stronger when overall discrimination is weaker raises a question of ecological validity. One might wonder whether small differences in the discrimination of allophonic peaks have any implications for reading acquisition. However, one should not underestimate the impact of such differences on reading in noisy or stressful situations. Even a small deficit in discriminating between phonemes might have far-reaching consequences in stressful conditions, as emphasized by Werker and Tees (1987) . Furthermore, although allophonic perception leaves only small traces on syllable discrimination in a given context, it reveals a lack of invariant representation of the phoneme across phonetic contexts. The fact that participants perceive allophones instead of phonemes probably has strong implications for reading acquisition.
Differences in categorical perception between average reading children and adults (Hypothesis 3)
The phoneme boundary effect was significantly weaker for average reading children than for adults for one-step and two-step pairings and was also weaker for three-step pairings, although the difference failed to reach significance for the latter step size (Table 2 ). This provides further evidence in support of the effect of age on categorical perception (Hypothesis 3). Previous studies on the phonemic labeling of stimuli along reduced cue continua show that the slopes of identification functions for children are shallower than those for adults (Messaoud-Galusi, 2003) . The current data provide direct support for the hypothesis of a difference in categorical perception because they show that the phoneme boundary effect, which provides a closer index of categorical perception than does the slope of the identification function, is greater for adults.
This suggests that the categorical perception deficit in dyslexic children arises from a developmental delay rather than from a deviance. In other studies where dyslexic children were compared with younger average reading controls at the same reading age, differences in categorical perception were found only for the most severely affected subgroups of dyslexics (Joanisse et al., 2000; Manis et al., 1997) , and this also supports the hypothesis of a delay.
Differences in allophonic discrimination between average reading children and adults (Hypothesis 4)
There was only weak support for a developmental trend in the degree of allophonic discrimination, with the difference in the magnitude of )30 ms and +10 ms VOT peaks being significant only for two-step pairings (Table 2) . Furthermore, for both groups, only the phonemic peak was significant (tests of individual peaks for one-step pairings). However, given the difference in categorical perception between children and adults, the possibility of a higher degree of allophonic perception in children should be investigated further.
Implications of allophonic perception for the acquisition of written language
In sum, the current study confirms the presence of a categorical perception deficit in dyslexic children when compared with chronological age controls, and it shows that this deficit arises from a better discrimination of allophonic differences between speech sounds. Furthermore, the comparison between average reading children and adults allowed us to confirm the existence of an improvement in categorical perception during late childhood but without reliable differences in allophonic discrimination.
As explained earlier, the purpose of the current work was to test allophonic perception irrespective of its precise origin (i.e., whether it arises from a lack of coupling between predispositions or from a lack of deactivation of some predisposition). Because the current data were collected for a contrast based on a coupling (i.e., voicing in French), it remains to be seen whether allophonic perception may also occur for phonemic contrasts that require the deactivation of predispositions (i.e., voicing in English).
The enhanced sensitivity of dyslexic children, in comparison with average readers of the same age, to variants of the same phoneme category might result from a delay in perceptual development. We do not yet know whether the dyslexic categorical perception deficit diminishes with aging and/or with exposure to written language. However, even if it disappears later, the perception of allophonic variants during early reading acquisition probably has severe implications because it reveals the weakness, if not the total absence, of phoneme-level representations. The lack of invariant phoneme representations constitutes a considerable obstacle for setting up phonemegrapheme correspondences, which are normally involved in the early stages of reading acquisition Sprenger-Charolles, Siegel, & Bonnet, 1998) . Allophonic perception should have implications for reading acquisition because it disrupts the one-to-one relation between letters and sounds. The level of grapheme-phoneme consistency seems to be the major factor determining the ease or difficulty of learning to read. Because of the consistency of grapheme-phoneme correspondences, learning to read is easier in shallow orthographies than in deeper ones (e.g., easier in Spanish, German, and French than in English, easier in Spanish than in French) (for a review, see . Orthographic consistency could even have a long-lasting influence, as suggested by the study of Paulesu and colleagues (2001) , in which Italian, French, and English adult average and dyslexic readers were compared. However, to be able to map graphemes with phonemes correctly, or map phonemes with graphemes correctly, one must rely on well-specified phonological representations. If the phonological representations are not well specified, the connections between graphemes and phonemes will be difficult to establish. This will be the case for dyslexics who, even in languages with fairly transparent orthographies (e.g., Italian), encounter problems in reading (Paulesu et al., 2001) .
Computer simulations provide arguments in support of this hypothesis. It has been shown that the suppression of ''phonological attractions'' between phonetic features, conceptually similar to the phonological couplings defined previously, has important negative effects on the reading performance of a connectionist network (Harm & Seidenberg, 1999) . This supports the contention that allophonic perception would severely affect reading performances in humans.
Although allophonic representations of speech sounds are potentially deleterious for reading, they should not raise problems for speech perception because the latter is conceivable with units other than phonemes (McQueen & Cutler, 2001) . The damage of an allophonic mode of speech perception would then be nearly entirely restricted to written language, with oral communication remaining largely unaffected. Indeed, the process itself would remain basically categorical, although it would rest on other units (i.e., allophones instead of phonemes). However, allophonic perception implies that larger amounts of information must be processed to access the mental lexicon, and this should have some implications for spoken language processing. Therefore, some of the spoken language deficits associated with dyslexia might be the direct consequence of allophonic perception. The reduced capacity of the phonological short-term memory (Snowling, 2000) might result from the larger categorical repertoire (i.e., allophonic rather than phonemic), and this has straightforward consequences on memory load. The deficit in phoneme awareness (Brady & Shankweiler, 1991; Morais et al., 1987; Ramus et al., 2003) might arise from the fact that allophones are more context dependent than phonemes.
As a problem of phonological development, allophonic perception offers a new explanation for dyslexia in terms of deviant phonological processes based on allophones rather than on phonemes. Although a phonological deficit has often been considered in the literature, it has never been directly attributed to phonological processing. Rather, it has been ascribed either to defects in auditory or phonetic processing that would affect phonological processes (Fig. 1) or to conscious access to phonemes. But because none of these hypotheses deals directly with phonological mechanisms, none specifies the exact nature of the deficit (Ramus, 2001 ). The enhanced sensitivity of dyslexic children to allophonic contrasts suggests that their deficit arises from a weakness in the phonological recoding of phonetic predispositions in the course of perceptual development. A deficiency in phonological recoding has straightforward consequences for the setup of grapheme-phoneme correspondences. Furthermore, such a deficiency might also explain some of the spoken language problems associated with dyslexia. Finally, the fact that dyslexics are more acute in the perception of allophonic units clearly allows us to reject interpretations in terms of general cognitive abilities. Because a severe reading deficit without other cognitive problems and without severe problems in oral language is the basic characteristic of dyslexia, allophonic perception might constitute its true determinant rather than a correlated symptom.
